The trace metal copper (Cu) is an essential cofactor for a number of biological processes including mitochondrial oxidative phosphorylation, free radical detoxification, neurotransmiter synthesis and maturation, and iron metabolism. Consequently, Cu transport at the cell surface and the delivery of Cu to intracellular proteins are critical events in normal physiology. Little is known about the molecules and biochemical mechanisms responsible for Cu uptake at the plasma membrane in mammals. Here, we demonstrate that human Ctr1 (hCtr1) is a component of the Cu transport machinery at the plasma membrane. hCtr1 transports Cu with high affinity in a time-dependent and saturable manner, and is metal-specific. hCtr1-mediated 64
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Cu, Zn SOD activity (10) (11) (12) (13) . Recently, candidates for human and murine Cu transporters have been isolated by complementation of yeast Ctr-mutants and by data base homology searches (19, 20) . Mammalian Ctr1 mRNA is expressed in all tissues examined, with relatively high expression levels in liver and kidney and lower levels in the brain and spleen (19, 20) . Murine Ctr1 displays 92% sequence identity to human Ctr1 and maps to a syntenic locus in the mouse genome (20) We have examined the kinetics of Cu transport, metal specificity, localization, oligomerization, and roles for energy and an electrochemical gradient at the plasma membrane in Cu uptake by the functional expression of hCtr1 in a human embryonic kidney (Hek293) cell line. Our studies demonstrate that hCtr1 is a component of a plasma membrane Cu transporter system. hCtr1 oligomerizes and transports Cu with specificity and in a time, concentration and extracellular pH and K + dependent manner.
Given the known importance of mouse Ctr1 in Cu homeostasis and embryonic development, as demonstrated by the characterization of Ctr1 gene knock-out mice (21, 22) , the biochemical properties established here are consistent with mammalian Ctr1
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Experimental Procedures Human Ctr1 Expression Vectors
The human Ctr1 open reading frame, with Kozak translation initiation sequences in the 5'-untranslated region (23) , was PCR amplified from the hCtr1 complementary DNA (cDNA) clone (20) using human hCtr1 specific primer sets. For amino-terminal epitope-tagging of hCtr1, a Not1 restriction enzyme site was generated in the upstream PCR primer just after the translation initiation codon. PCR products were inserted into the EcoR1 and XhoI sites in the pcDNA3.1(+) (Invitrogen) and p413-GPD (24) vectors for the expression of hCtr1 in human embryonic kidney cells (Hek293) and in S.
cerevisiae, respectively. A DNA fragment encoding one c-myc epitope was inserted into the NotI restriction enzyme site within the hCtr1 open reading frame. The function of the c-myc tagged hCtr1 allele was compared with the wild type allele by complementation studies in the S. cerevisiae strain MPY17 (25) , harboring deletions of the CTR1 and CTR3 genes, in which Cu transport competent cells are able to utilize non-fermentable carbon sources for growth and by 64 Cu uptake assays in transfected Hek293 cells.
Cell Culture and Transient Transfections
Hek293 cells were cultured in DMEM medium (GIBCO) with 10 % fetal bovine serum (FBS) under 5 % CO 2 . Cells were transfected with the pcDNA3.1 vector or pcDNA3.1 expressing the human Ctr1 cDNA under control of the CMV promoter.
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Transfections were performed using FuGENE TM 6 (Roche) according to the manufacturer's instructions. We observed a range of transfection from 50 % to 70 % in Hek293 cells. Twenty-four hours after transfection, cells were collected from transfected dishes and evenly divided for Cu uptake assays.
Cu Uptake Assays
Radioactive Cu ( Cu uptake measurements. All control experiments were performed with the addition of the same amount of solvents used for dissolving chemicals.
Energy-dependent [
H] taurocholate transport assay in Hek29cells
The ileal bile acid transporter (ISBT) expression plasmid (27) or empty vector was transfected into Hek293 cells by the method as described for hCtr1 expression. 
Results
Expression of hCtr1 Stimulates
64
Cu Uptake in Human Cells
Previously, we and others isolated a human cDNA that encodes a protein which functionally complements phenotypes associated with S. cerevisiae cells defective in high affinity Cu transport (19, 20) . Based on these functional observations, the similar predicted topological arrangements and primary structural homology to the S. cerevisiae Cu uptake for both the endogenous (Fig. 3A ) and hCtr1-transfected cells (Fig. 3B) .
Among the other metals tested, only Ag(I) displayed similar inhibitory potency as Cu on 64 Cu uptake, suggesting that Ag(I) may also be a substrate for transport by hCtr1 and Cu uptake in Hek293 cells by either the endogenous system or in hCtr1 transfected cells (Fig. 4A) . The efficacy of metabolic inhibitor treatment under these conditions was evident by the demonstration that oligomycin inhibited the activity of the ATP-dependent bile acid transporter, expressed in Hek293 cells, while there is no inhibition of hCtr1-mediated 64 Cu transport (Fig. 4B ). These data strongly suggest that hCtr1-mediated Cu transport
is not an energy-dependent process.
Previous studies have shown that a number of nutrient and ion transporters, including DCT1 (Nramp2, DMT1), a divalent metal transporter which has a broad substrate range including Fe and Cu, mediate active transport that is proton-coupled and dependent on cell membrane potential (29, 30) . We tested whether either endogenous or hCtr1-stimulated Cu transport in 293 cells may be mediated by an electrochemical gradient by conducting 64 Cu transport assays in buffers of different pH.
Indeed, Cu accumulation in Hek293 cells was significantly increased at pH 6.5 and 5.5 compared to pH 7.5 ( Fig. 5A) , for hCtr1-transfected cells, although the endogenous activity was not as strongly stimulated at low pH.
It is well established that some transport activities, such as the glucose transporter, are monovalent cation-dependent processes (31) . As shown in Fig. 5B cell by the endogenous transporter or in hCtr1 expression vector-transfected cells (Fig.   4A ). However, the K + ionophore valinomycin increased Cu accumulation, although as expected, K + inonophore treatment in a high extracellular K + buffer does not further increase intracellular Cu accumulation (Fig. 5B) . These results suggest that Cu transport at the plasma membrane is a Na + -independent but K + -stimulated process.
Human Ctr1 is an integral membrane protein localized to the plasma membrane
The amino acid sequence of hCtr1 protein has homology with Cu transporters Epitope-tagged hCtr1 was detected as an approximately 29 kDa protein and variable levels of a 58 kDa species were observed in cell extracts (Fig. 6 ). The migration of the hCtr1-myc protein is slightly slower than that predicted from hCtr1 coding sequences by guest on http://www.jbc.org/ Downloaded from (21 kDa) fused to the myc epitope sequences. Total cell extracts were fractionated by centrifugation (100,000g) and analyzed by immunoblotting. hCtr1 was detected in the pellet, corresponding to a membrane fraction, but little if any hCtr1 was detected in the soluble fraction (Fig. 6, lanes 3 and 4) . The membrane fraction was incubated with 0.2 M Na 2 CO 3 (pH 11), which releases peripheral membrane proteins into the soluble fraction (30) . The G-protein β subunit, which is a well characterized peripheral membrane protein, was indeed released into the soluble fraction by Na 2 CO 3 treatment (Fig. 6 , lower panel, lanes 6 and 7). However, under these same conditions, hCtr1 was detected only in the membrane fraction (Fig. 6 , upper panel, lanes 6 and 7). Incubation of the membrane fraction with Triton X-100 (1 %) released nearly all detectable hCtr1
into the soluble fraction, suggesting that hCtr1 is not a component of large protein complex which is pelleted by high speed centrifugation (Fig. 6, lanes 8 and 9) . Taken together, these results demonstrate that a functional epitope tagged hCtr1protein, expressed in Hek293 cells, is an integral membrane protein.
To further investigate the subcellular localization of hCtr1, indirect immunofluorescence microscopy was performed on the Hek293 cells expressing c-myc tagged hCtr1. Cells permeabilized with 0.1 % Triton X-100 were treated with c-myc antibody to detect hCtr1-myc, and DAPI for nuclear DNA staining. As shown in Figure 7 , transfected Hek293 cells expressing myc tagged hCtr1 protein showed strong fluorescence at the cell periphery, which is consistent with its function in Cu uptake at the plasma membrane.
Multimerization of hCtr1
All of the plasma membrane Cu transporter proteins identified from yeast to humans have three putative membrane spanning domains (28). This is a unique feature of Cu transporters compared to many other membrane permeases or transporters, which have 6 to 12 or more predicted transmembrane domains (32). Therefore, it is possible that plasma membrane Cu transporters may form homo-or hetero-multimers, because several membrane spanning domains are thought to be important for the formation of a channel for the transport process. Consistent with this hypothesis, it has been demonstrated that the S. cerevisiae Ctr3 or Ctr1 plasma membrane Cu transporter forms a homotrimer or higher order multimers, respectively (34, 35) . To examine whether hCtr1 may multimerize, Triton X-100-solubilized total cell extracts from Hek293 cells expressing myc-hCtr1 were cross-linked in vitro by treatment with the multivalent cross-linker EGS. The cross-linked products were resolved by SDS-PAGE and analyzed by immunoblotting using anti-myc antibody. In the absence of EGS, hCtr1-myc migrated as approximately 29 kDa and 58 kDa proteins, with very low levels of slower migrating species (Fig. 8, lane 1) . As the EGS concentration was increased, hCtr1-myc
formed an approximately 90 kDa complex corresponding to the size expected for an hCtr1 homo-trimeric form. In the presence of 2 or 3 mM EGS, the 29 and 58 kDa forms were completely shifted to the upper species, without formation of an additional higher molecular weight complex. These result suggest that hCtr1 forms a homo-trimer as part of a Cu transport channel at the plasma membrane. demonstrated that high levels of dietary Zn induces a secondary Cu deficiency in mammals (43) . However, the competion effects of Zn or Cd on Cu uptake are much more significant in the isolated rat hepatocytes compared to the results in our studies in Hek293 cells and by hCtr1 expression in Hek293 cells (26) . Furthermore, unlike a previous study (26), we could not observe any significant competition by Mn for Cu uptake. Although Ctr1 is expressed in total liver tissue (19) , it is possible that it is expressed in certain cell types in the liver, and that other Cu transport systems operate in the liver through which Cd, Mn and Zn inhibit Cu uptake. Therefore, future studies of this inhibitory mechanism and metal specificty, whether through hCtr1 or not, will be of importance.
Discussion
It is not clear how Cu is distributed in plasma and mobilized from ligands to be transported across the plasma membrane. However, it has been estimated that more than 90 % of plasma Cu is bound to ceruloplasmin, and that the remaining 10 % of plasma Cu is bound to albumin and histidine (1) . The effects of albumin and histidine on Cu transport have been studied mainly in isolated hepatocytes or fibroblats by the supplementation of these ligands in cell culture medium (36, (44) (45) (46) (47) . Albumin markedly inhibited initial rates of Cu uptake, but histidine facilitated Cu uptake when the uptake medium contained serum or albumin (36, 43) . However, the histidine effects for Cu uptake are cell type specific. Histidine stimulates Cu uptake in hepatocytes and trophoblasts, but albumin and histidine have additive inhibitory effect on Cu transport by fibroblasts (36) . We observed that both albumin and histidine inhibit Cu accumulation in Hek293 cell by the endogenous transporter or in hCtr1 expression vector-transfected shown that histidine is not co-transported by Cu, and that histidine-Cu complexes are less favorable substrate for Cu transport compared with free Cu (43) . Therefore, Cu may be dissociated from the histidine-Cu complex to be transported at the plasma membrane. However, further studies must address these specific mechanisms.
The increased Cu uptake under low extracellular pH conditions is an interesting 
